Antioxidant activity of lactic acid bacteria is associated with multiple health-protective effects. Traditional indexes of chemical antioxidant activities poorly reflect the antioxidant effects of these bacteria in vivo. Cellular antioxidant activity (CAA) assay was used in this study to determine the antioxidant activity of cell-free supernatants (CFSs) of 10 Lactobacillus strains. The performance of the CAA assay was compared with that of four chemical antioxidant activity assays, namely, DPPH radical scavenging, hydroxyl radical scavenging (HRS), reducing power (RP), and inhibition of linoleic acid peroxidation (ILAP). Results of the CAA assay were associated with those of DPPH and ILAP assays, but not with those of RP and HRS assays. The inter-and intra-specific antioxidant activities of CFS were characterized by chemical and CAA assays. L. rhamnosus CCFM 1107 displayed a high antioxidative effect similar to positive control L. rhamnosus GG ATCC 53103 in all of the assays. The CAA assay is a potential method for the detection of antioxidant activities of lactobacilli CFSs.
Introduction
Increasing scientific evidence suggests that oxidative stress is involved in the pathogenesis of various disorders and diseases, such as alcohol-induced liver injury, non-alcoholic fatty liver disease, ageing, and cancer [1] [2] [3] [4] . Oxidative stress is a result of an imbalance between production and elimination of reactive oxygen species (ROS) and free radicals, which are primarily removed by the endogenous antioxidant defense system [5] . Consumption of antioxidants, which can quench free radicals and ROS, may be beneficial to human health. Synthetic antioxidants are effective in slowing oxidation, but pose concerns in regard to the safety and toxicity of the antioxidants [6, 7] .
Solution Preparation
A: Linoleic acid emulsion (20 mL) was prepared by mixing 0.1 mL of linoleic acid (SigmaAldrich, St. Louis, MO), 0.2 mL of Tween 20, and 19.7 mL of deionized water, and the emulsion was stored in the dark.
B: A 200 mM stock solution of 2', 7'-dichlorofluorescin diacetate (DCFH-DA) (SigmaAldrich, St. Louis, MO) in dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) was prepared, aliquoted, and stored at -20°C.
C: A 200 mM stock solution of 2, 2-azobis (2-amidinopropane) dihydrochloride (ABAP) (Sigma-Aldrich, St. Louis, MO) in Hanks' Balanced Salt Solution (HBSS) (Sigma-Aldrich, St. Louis, MO) was prepared and stored at -40°C.
Preparation of lactobacilli CFS
Lactobacilli CFSs were prepared as described by Chen and Wang [12, 18] with slight modification. Cultures of the 10 Lactobacillus strains were adjusted to approximately 10 9 CFU/mL. Subsequently, the aliquots of the culture were transferred to 5 mL polypropylene tubes and centrifuged (10,000g, 10 min, 4°C). The pH value of the supernatant was continuously neutralized with 1 M NaOH [33] . The resulting supernatant was filtered (0.22 μm pore size).
LGG CFS was used as a positive control. MRS broth medium (pH 7.0, filtered with a 0.22 μm pore size filter) served as a negative control.
Chemical Assays to Determine AAs of Lactobacilli CFSs
DPPH Radical Scavenging Activity Assay. The scavenging effect of the CFSs of 10 Lactobacillus strains on the free radical DPPH was measured in accordance with the slightly modified method of Lin and Chang [28] . A Sample (CFS, MRS broth, 1 mL) and a freshly prepared DPPH solution (0.2 mM, 1 mL, Sigma-Aldrich, St. Louis, MO) were mixed. The mixture was vigorously shaken and left to react for 30 min in the dark at room temperature. The control sample contained deionized water instead of the sample solution. The scavenged DPPH was then monitored by determining the absorbance at 517 nm using SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). The radical scavenging activity was quantified as units/mL (U/mL) by using following formula [34] :
where ABS C and ABS S are the absorbance of the control and test samples at 517 nm, respectively, and S is the volume (mL) of the sample. HRS Activity of Lactobacilli CFSs. The HRS activity of the CFSs was analyzed as previously described modified method [13, 19] . A sample (CFS, MRS broth, 1 mL), 1, 10-phenanthroline (2.5 mM, 1 mL; Sigma-Aldrich, St. Louis, MO), PBS (pH 7.4, 1 mL), and FeSO 4 (2.5 mM, 1 mL) were mixed. The reaction was initiated by adding H 2 O 2 (20 mM, 1 mL) and incubating at 37°C for 90 min. HRS activity was monitored by identifying the increase in absorbance at 536 nm by using an SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). HRS activity was calculated using the following equation:
where A S is the absorbance of the sample, A C is the absorbance of the control solution (deionized water was used instead of the sample at the same amount), and A b is the absorbance of the solution without samples and H 2 O 2 .
RP of Lactobacilli CFSs. The CFS reducing activity of the CFSs was determined as described by Lin and Yen [35] with slight modification. A sample (CFS, MRS broth, 0.5 mL) was briefly mixed with potassium ferricyanide (1%, 0.5 mL) and PBS (pH 6.6, 0.5 mL). Subsequently, the mixture was heated at 50°C for 20 min and allowed to cool. Upon cooling, 0.5 mL of 10% trichloroacetic acid (TCA) was added to the mixture and then centrifuged at 3000g for 5 min. The upper layer (1 mL) was mixed with ferric chloride (0.1%, 1 mL) and allowed to react for 10 min. The absorbance of the mixture was obtained at 700 nm by using an SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). Higher absorbance of the mixture indicated higher reducing activity. The reducing activity of cysteine served as the standard.
ILAP of Lactobacilli CFSs. The anti-lipid peroxidation activity of the CFSs was assessed by using the thiobarbituric acid (TBA) method [22] with slight modifications. PBS (pH 7.4, 0.5 mL), linoleic acid emulsion (1 mL), FeSO 4 (0.01% w/v, 0.2 mL), ascorbic acid (0.02%, w/v, 0.2 mL), and sample (CFS, MRS broth, 0.5 mL) were mixed and then incubated at 37°C for 12 h. Subsequently, 2.0 mL of the reaction mixture was mixed with butylated hydroxytoluene (0.4% w/v, 0.2 mL), TCA (4% w/v, 0.2 mL) and TBA (0.8% w/v, 2 mL). The mixture was incubated at 100°C for 30 min and then allowed to cool, 2 mL of chloroform was then added for extraction. The upper extract was obtained and absorbance was determined at 532 nm by using an SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). The samples were substituted with deionized water in the control group. The inhibition rate was calculated by using the following equation:
where A S is the absorbance of the sample, and A C is the absorbance of control solution that sample solution, in which the sample solution was replaced with same amount of deionized water.
Assessment of Antioxidant Effects of Lactobacilli CFSs using CAA Assay
Cell Culture. Human hepatocellular carcinoma HepG2 cells (Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China) were grown in HyClone Dulbecco's modified Eagle's medium (DMEM) with high glucose (GE Healthcare, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA), penicillin (100 U/mL), streptomycin (100 μg/mL) (Sigma-Aldrich, St. Louis, MO), and 10 mM 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich, St. Louis, MO). The cells were maintained at 37°C in an incubator with 5% CO 2 . The cells used in this study were at passage 10 to 20.
Cell Cytotoxicity Assay. Cytotoxicity of the lactobacilli CFSs was measured according to the modified methylene blue assay [36] . Briefly, HepG2 cells were seeded at a density of 4×10 4 cells/well on a 96-well microplate in 100 μL of DMEM for 24 h at 37°C. After washing with PBS, HepG2 cells were treated with 100 μL of the sample (CFS, MRS) or deionized water (control) for up to 24 h at 37°C. To assess cell viability, the cells were washed with PBS and then incubated with 50 μL/well methylene blue (98% HBSS, 0.67% glutaraldehyde, and 0.6% methylene blue) for 1 h at 37°C. After the incubation, the cells were washed with PBS until the PBS was clear, and 100 μL/well elution (49% PBS, 50% ethanol, and 1% acetic acid) was then added, the microplate was then placed on a table oscillator (Thermomixer Comfort, Eppendorf AG, Hamburg, Germany) for 20 min. The absorbance was obtained at 570 nm by using an SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA). Different samples were compared with the control. A CFS with more than 10% less absorbance than the control, was considered cytotoxic [37] .
CAA Assay. CAA assay was used to evaluate the lactobacilli CFSs as previously described [26, 38, 39] . Briefly, HepG2 cells, the most commonly used in CAA assay [26] , were seeded at a density of 6×10 4 cells/well on a black 96-well microplate (with transparent bottoms) in 100 μL of DMEM for 24 h at 37°C. After rinsing with PBS, HepG2 cells were treated with 100 μL of the sample (CFS, MRS broth), which includes 25 μM of DCFH-DA for up to 1 h at 37°C. The cells were washed with PBS and then treated with 100 μL of 600 mM ABAP solution. Fluorescence was obtained using an SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale CA) for 13 cycles at 5 min intervals (λex = 485 and λem = 538). After blank subtraction from the fluorescent readings, the area under the curve of fluorescence versus time was integrated to calculate the CAA value of each sample as follows:
Where SA is the area of the sample, and CA is the integrated area in the control curve.
Statistical Analysis
All of the tests were performed in triplicate. Data were presented as mean ± standard deviation (SD). One-way ANOVA was performed with SPSS (Version 13.0, SPSS Inc., Chicago, IL), followed by Fisher's least significant difference, to verify significant differences between samples. The results were considered significant when p < 0.05. The Pearson correlation test was conducted to determine correlation between variables.
Results and Discussion
Chemical AA Assay of Lactobacilli CFSs
Radical Scavenging Activities. Results of two radical scavenging methods (i.e., HRS and DPPH) showed that the 10 lactobacilli CFSs can inhibit the formation of the two radicals (Fig. 1) . The CFSs of the 10 lactobacilli CFSs showed remarkably weaker HRS activity than DPPH radical scavenging activity. Furthermore, the AAs of the 10 lactobacilli CFSs were higher than that of MRS broth in scavenging the DPPH radical. This finding is consistent with the report of Shen et al. [19] . In addition, the HRS method provided similar results on the AAs of the CFSs (Fig. 1 ). Significant differences in AA values were observed between MRS broth and CFSs, except for CCFM 8661, CCFM381, and CCFM 424 in scavenging hydroxyl radicals (Fig. 1, p < 0.05 ). Both the HRS and DPPH methods indicated that the CFSs of CCFM 1107 and CCFM 7469 exhibited strong AAs.
The CFSs of CCFM8661 exhibited strong DPPH radical scavenging activities (75.94 ± 1.05 U/mL) that were not significantly different from that of the positive control LGG (77.29 ± 1.51 U/mL) (p > 0.05). However, CCFM8661 demonstrated significantly weaker HRS activity than LGG in scavenging hydroxyl radical (p < 0.05). Furthermore, the effect of L. casei 2W on DPPH and hydroxyl radical contradicted that of CCFM8661. Intact cells and intracellular cellfree extracts from L. casei subsp. casei SY13 and L. delbrueckii subsp.bulgaricus LJJ also differ in DPPH and HRS activities [13] . The different mechanisms involved in the radicalantioxidant reactions may explain the different in scavenging potentials of the compounds [40] . Moreover, the DPPH and hydroxyl radical activities of both L. rhamnosus CCFM 1107 and CCFM 7469 were significantly stronger than those of L. fermenti CCFM381 and CCFM 424 (p < 0.05). Liu et al. [8] reported that 12 Lactobacillus strains exhibit varying capabilities in DPPH radical scavenging. Therefore, a certain degree of inter-specific difference in radical scavenging activities could exist among the 10 tested Lactobacillus strains.
RP of Lactobacilli CFSs. An earlier report showed that AAs and RP are directly related [41] . The RP of lactobacilli CFS is based on kinetics of the reduction of Fe 3+ to Fe 2+ to prevent the oxidation reaction and control transition metal ions [41] . The RP activities of lactobacilli CFS are shown in Fig. 2 . The CFSs of LGG, CCFM1107, CCFM7469, CCFM14, CCFM137, CCFM419, CCFM381, and CCFM424 showed significantly higher RP values than that of MRS broth (p < 0.05). Meanwhile, the CFSs of L. casei 2W and CCFM 8661 increased, but not significantly, compared with that of MRS broth (p > 0.05). In all of the tests, CCFM1107 showed a high reducing activity that was close to that of the positive control LGG and equivalent to that of 62.68 μM L-cysteine. The results are consistent with the findings of a previous report [8] , which revealed that 12 strains show varied abilities in reducing RP activity and that L. acidophilus BCRC 14079 displays six-fold stronger activity than B. infantis BCRC 14602. Therefore, an inter-specific difference exists in the RP of the test CFSs. ILAP of Lactobacilli CFSs.
ILAP is commonly used to analyze AAs. Linoleic acid has been used as a source of unsaturated fatty acids [42] . In the present study, the AAs of lactobacilli CFSs were measured by ILAP assay. As shown in Fig. 3 , the inhibitory rates of test lactobacilli CFSs on linoleic acid peroxidation ranged from 5.1 ± 0.22% to 67.93 ± 1.22% (Fig. 3) . The inhibitory rates of the lactobacilli CFSs were significantly higher than those of MRS broth (p < 0.05), except for CCFM137, CCFM419, and CCFM424 (p > 0.05). The CFSs of CCFM1107, CCFM7469, and CCFM 8661 showed high inhibitory effects on ILAP compared with the positive control LGG (p > 0.05). Meanwhile, L. rhamnosus CCFM1107 and CCFM7469 demonstrated significantly stronger activities on ILAP than did L. fermenti CCFM381 and CCFM424. These observations indicated an inter-specific difference in ILAP among the lactobacilli CFSs. Moreover, the higher inhibitory effect of CCFM381 CFS than of CCFM424 CFS indicated an intra-specific difference in ILAP between these two CFSs. These results agree with the findings of an earlier report [42] , which revealed that the inhibitory rates of six strains of L. acidophilus on ILAP range from 34.9% to 46.3%.
Correlations among the Four Chemical AA Assays. Results indicated that the lactobacilli CFSs, which were measured by using chemical methods, exhibited certain antioxidant properties. Among the tested CFSs, LGG and CCFM1107 had the highest AA in all of the assays. In addition, lactobacilli CFSs exerted different AAs in various chemical antioxidant models. For example, the CFS of CCFM8661, CCFM7469, and L.casei 2W displayed different AA values in radical scavenging, RP, and ILAP. In a previous study, Zhu et al. [43] found that the water extracts of okara koji and the water extract of soybean koji show different AAs according to different in vitro antioxidant models. In this case, four chemical assays were used and compared to determine the antioxidant capacities of the CFSs, and their correlations are shown in Table 2 . A significant association was found between scavenging of DPPH and hydroxyl radicals (r = 0.511, p < 0.01, n = 11). Meanwhile, the DPPH radical scavenging of the CFSs correlated significantly with ILAP (r = 0.604, p < 0.01, n = 11). HRS also had a significant association with RP (r = 0.494, p < 0.01, n = 11). However, ILAP showed no significant correlation with HRS and RP because of the diverse chemical aspects of potential antioxidant compound(s) explored [25] . The lack of correlation between results obtained through these different assays can be attributed to reasons related to instrument limitations, mechanisms, endpoint, quantification method, and biological relevance [44] . Therefore, the use of a single chemical method to screen strains with high AAs is difficult due to the different mechanisms of CFSs in vivo.
CAA Assessment of the AAs of Lactobacilli CFSs
Cell Cytotoxicity. Modified methylene blue assay is a typically fast and easy method of detecting cell death. Studies have shown that HepG2 cells could be used to demonstrate cell toxicity [36, 45] . However, the toxicity of CFS on HepG2 cells has not been evaluated. In the present study, CFS and MRS broth were used to react with HepG2 cells and methylene blue was used to stain the HepG2 cells. Results showed that incubation with CFS and MRS broth inhibited less than 10% of HepG2 cells (Fig. 4) . This result indicates that both CFS and MRS broth do not show significant cytotoxicity to HepG2 cells after 24 h incubation [37] . Previous research showed that feijoada whole meal, apple extracts, and vegetables inhibit less than 10% of HepG2 cells [39, 46, 47] . Therefore, we deduced that the CFSs are not cytotoxic, which is a typical observation for such functional products. Moreover, Maudsdotter et al. [48] found that the CFS of LGG can reduce cell cytotoxicity caused by Streptococcus pyogenes by producing lactic acid. Li et al. [49] showed that the CFSs of L. acidophilus not only display non-cytotoxicity, but also stimulate proliferation of embryonic, endothelial, and inflammatory cells in vivo. These observations suggested that the CFSs of the Lactobacillus strains are non-cytotoxic.
CAA Assay. In the CAA assay developed by Wolfe and Liu [26] , the ABAP-induced oxidation of dye DCFH-DA to fluorescent DCF and the fluorescence intensity of DCF were measured to represent the oxidation rate, thereby enabling the CAA assay to measure the antioxidation capacity of the antioxidants [26, 50] . In the present study, we applied the CAA assay to determine the AAs of lactobacilli CFSs. The positive control showed fluorescence intensity of ABAP oxidation over time. The negative control group contained the cells without the addition of ABAP. These cells were used to illustrate the conditions devoid of any oxidation inducer. The CFSs of all 10 Lactobacillus strains inhibited oxidation, with higher fluorescence intensities than the negative control (p < 0.05) (Fig. 5A) . However, these intensities were lower than that of the positive control over time, except for the MRS broth, which showed similar intensities to the positive control. The trends of inhibiting DCFH-DA to DCFH of CFS are similar to those of pure compounds, such as theacrine, sugarcane molasses, and Crataegus azarolus [51] [52] [53] . Puertollano et al. previously reported that concentrated supernatants from L. plantarum reduce ROS accumulation in HL-60 cells [54] . In addition, the present results showed that the ROS in HepG2 cells could be reduced by lactobacilli CFSs. Similar to other methods used for AA assessment, the CAA method reveals the total antioxidative capacity of the analyzed sample rather than the capacity of the individual components of the system. However, the CAA also differs in other aspects. It is the only method capable of predicting antioxidant response at the cellular level. It also allows the analysis of samples activity to change the redox cellular state. Moreover, the participation of different component cells is critical to develop an antioxidant response [25] . CAA units were calculated on the basis of the area under the curve of the fluorescence intensities of the CFS and ABAP-treated cells over time. A smaller area denotes higher CAA units and higher AAs of the sample [51] . All of the lactobacilli CFSs possessed significantly higher CAA values than the MRS broth (p < 0.05) (Fig. 5B) . The cellular AA of quercetin was also determined by CAA assay in HepG2 cells (S1 Fig.) as a standard. The calculation results of CAA values (units) of the CFSs of Lactobacillus strains to the equivalent amount of quercetin with the same AA (μM) present more intuitive view of the AA of the CFSs of the Lactobacillus strains compared with this established antioxidant with known clinical efficacy (S1 Table) . The CAA values of the CFSs ranged from 69.14 ± 4.87 to 95.55 ± 2.99 CAA units. The positive control LGG also exhibited a strong antioxidant property (95.55 ± 2.99 CAA units) in the CAA assay, which was stronger than that of Crataegus azarolus aqueous extract (79.62 CAA units in 800 μg/mL) [53] . The difference essentially depends on the bioavailability of the specific mixture of the available compounds and their synergistic interactions to yield final antioxidant responses at the cellular level [25] . CCFM1107, L. casei 2W, and CCFM8661 showed the highest AAs (95.40, 94.06, and 93.48 CAA units, respectively). No significant difference was found ) represents ILAP values. * and ** mean statistically significant difference at p < 0.05 and p < 0.01, respectively. Abbreviations: HRS, hydroxyl radical scavenging; RP, reducing power; ILAP, inhibition of linoleic acid peroxidation; CFSs, cell-free supernatants; CAA, cellular antioxidant activity; r DPPH , correlation between the CAA and DPPH radical scavenging activity assay; r ILAP , correlation between the CAA and ILAP assay; r HRS , correlation between the CAA and HRS assay; and r RP , correlation between the CAA and RP assay. with LGG (p > 0.05). However, CCFM419 provided the lowest CAA value, which was significantly different from that of the other strains (p < 0.05). Consequently, the 10 Lactobacillus strains showed significant interspecific differences in CAA. L. rhamnosus showed a higher CAA value than that of L. fermenti. CCFM1107 and CCFM7469 originating from the same L. rhamnosus, but the two strains had significantly different CAA values (p < 0.05). Similar results were observed between L. fermenti CCFM381 and L. fermenti CCFM424. These observations indicate intra-specific differences of test CFSs in the CAA assays. Various researchers have reported similar findings which were obtained using different methods [19, 55] that is, intra-and inter-specific differences exist for both intact bacteria and CFS.
Correlations between CAA and the Four Chemical AA Assays. The AA values of lactobacilli CFSs assessed with the four chemical assays did not correlate well with their abilities to inhibit the radical-mediated damage on HepG2 cells (CAA index). The CFSs of several Lactobacillus strains that exhibited low chemical AAs showed high responses in the CAA assay (Fig. 6 ). For instance, the CFSs of L. casei 2W and CCFM8661 showed weak AAs in HRS and RP, but were proven efficacious in the CAA assay. CCFM419 had low antioxidant efficacy in the CAA assay, but exhibited high HRS activity. No significant association was found among the results of the HRS, RP, and CAA assays (r HRS = 0.125, r RP = −0.195, p > 0.05, Fig. 6A ). This observation agrees with the report of Huang et al. [56] , in which the antioxidant values of Chinese bayberry obtained from ABTS, FRAP, DPPH, ORAC, and CAA assays do not correlate significantly with one another. In this case, the results are not surprising because the CAA assay monitors oxidative stress in cells that are related to cellular uptake, distribution, and metabolism of antioxidants. In chemical assays, antioxidants directly react with radicals [44] . Conversely, CCFM8661 has a high value in CAA, DPPH, and ILAP. The CAA assay revealed a significant association with DPPH and ILAP (r DPPH = 0.471, r ILAP = 0.826, p < 0.01, Fig. 6B ). In addition, LGG and CCFM1107 exhibited high AAs in the four chemical assays and CAA assay, whereas MRS showed a low AA. Considering the inter-and intra-species difference among numerous bacteria strains, the AAs evaluated by CAA assay show accordance with that got by the four traditional chemical assays to some extent. For the mammalian cells engaged in CAA assay, the AAs evaluated by this assay may be more correlated with the actual situation in organisms than that got with chemical assays. Thus, the CAA assay is a potential method for the detection of AAs of lactobacilli CFSs.
Conclusion
This study shows that lactobacilli CFSs exhibit AAs that can be assessed quantitatively in HepG2 cells. The CAA method is a relatively reliable and sensitive method compared with the four chemical assays in screening the AAs of CFS. Oxidative stress is involved in numerous chronic degenerative diseases. CFSs that show AAs can be evaluated by the CAA method as promising candidates in the prevention and control of several free radical-related disorders. Future studies will be conducted to elucidate the possible mechanisms of CFS and to verify the specific functions of CFSs screened by CAA assay in animal models or human studies.
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